Summary.-Male Wistar rats fed a normal laboratory pelleted diet, when treated s.c. with 1,2-dimethylhydrazine (DMH) 10 mg/kg/wk survived the 24-week experiment, showed no signs of chemical toxicity or macroscopic liver damage, and developed mainly large-bowel tumours. Conversely, male Wistar rats treated with 20 mg/kg/wk DMH did not survive the full term of the experiment and developed ascites, pleural effusions and nodular livers. They also developed more small-bowel tumours than large-bowel tumours. The relationship between the predominant site of tumour development and dosage of DMH was highly significant.
SINCE 1962, when naturally occurrinig cycasin from the cycad plant was found to be carcinogenic in laboratory rodents (Laqueur & Spatz, 1968) , an exponential number of publications has appeared describing various experiments using cycasin or its metabolic analogues: 1,2-dimethylhydrazine (DMH), azoxymethane (AOM) and methylazoxymethanol (MAM). We have reviewed 4 papers published between 1967 and 1970; 14 between 1971 and 1973; 34 between 1974 and 1976; and -50 which have appeared more recently. These fall into 4 main groups: (1) early studies of the gastrointestinal carcinogenicity of these compounds; (2) histopathology and tumour morphogenesis; (3) aetiological experiments; and (4) more specific carcinogenesis studies at the cellular level.
In general, it would seem that almost any alteration in the diet, or operative procedure, can alter the incidence of gastrointestinal tumours in rats treated with these compounds. Different species of rats have varying susceptibilities to gastrointestinal carcinogenesis with cycad analogues, and thus possible mechanisms of carcinogenesis cannot be deduced from the aetiological studies reported to date.
Some observations have been made on the morphological changes in the liver cells in animals treated with DMH (Ward et al., 1973; Martin et al., 1973; but a correlation of the degree of liver damage with the site of gastrointestinal cancers has received scant attention.
Earlier papers evaluating the results of experiments using cycasin or its analogues (Laqueur & Spatz, 1968; Weisberger, 1971) suggested that a carcinogenic metabolite might be delivered via the bile to the gastrointestinal tract. More recently this has been refuted by other workers Fiala, 1975; who have used 14C-labelled DMH, and have recovered only small amounts of the isotope from the rat bile. Hence there is a need for clarification of the role of the liver in the carcinogenesis model. In a preliminary report (Castleden, 1977) it was shown that at necropsy the livers of rats treated with DMH at a dose of 20 mg/kg/ wk appeared "granular", whereas the livers of rats treated with 10 mg/kg/wk DMH appeared macroscopically normal. In that report the 20 mg/kg/wk DM1H-treated rats died early in the experiment from chemical toxicity. Here we describe these changes in more detail, and give the results of a further experiment designed to investigate the relationship between hepatocellular injury and gastrointestinal tumour development, comparing the effect of the all-liquid diet with the standard diet in male Wistar rats treated with DMH. Two experiments were conducted. Rats in the first experiment were fed 1 of 7 diets. the details of wrhich have been previously reported (Castleden, 1977) . Essentially Diets 1 to 6 consisted of Milne's standard laboratory diet with or without the addition of various bulking agents. There was no significant difference in tumour incidence with any of these solid diets, which have therefore been grouped together (see Table 1 ) as "Solid Diets". In the second experiment, rats were fed either Milne's standard laboratory diet and treated with 20 mg/kg/wk DMH, or they were fed the all-liquid diet and injected with either DMH solute alone or with 20 mg/kg/ wk DMH. The standard diet was fed ad libitum, whilst the all-liquid diet was administered 12-hourly because of possible deterioration if kept for longer periods at room temperature. Castleden, 1977 ). Milne's laboratory diet is a standardized, pelleted, rodent diet made from a mixture of cereals, fish meal, milk powder, sugar, tallow and yeast, yielding on analysis 21-2% crude protein (3-3% nitrogen), 4.9% crude fat, 4-4% crude fibre, 5-3% ash, 11-5% moisture and 52-7% nitrogen-free extractives (carbohydrate), with standard concentrations of essential minerals, including 1-01% Ca, 0-16% Mg, 0-29% Na, 0-78% K, 38 parts/ 106 Mn, 170 parts/106 Cu, 230 parts/106 Fe, 160 parts/106 Zn, 7% P04 (as P).
2 Vivonex® (Norwich Eaton) 160 g (2 sachets dissolved in 900 ml water) which was administered to rats in the liquid-diet group twice daily; these rats received no pellets. This diet contains 1-22% N as pure L-amino acids, 0-54% fat (safflower oil) and 85% carbohydrate with essential vitamins and minerals, including 1-66% Ca, 0-72% Mg, 3-22% Na, 20mg/kg/wk group.-The survival time of the 20mg/kg/wk rats in the first experiment has already been reported (Castleden, 1977) . Similar results were obtained in the second experiment, in which all 20 rats on the standard diet died early, presumably from chemical toxicity, by the 18th week of injections (Fig. 1) . Once again the rats on the all-liquid diet treated with 20 mg/kg/wk DMH survived the full term of the experiment, with the exception of one rat which was killed in the 19th week of the experiment because of rectal bleeding. Necropsy revealed that the bleeding was due to the intussusception of a small-bowel tumour. The mean survival of the 20 standard-diet rats in the second experiment was 112 ± 19 days, compared to 153+1P0 days for the 15 liquid-diet rats. Table I shows the number of rats in each group with further details of the composition of the two dietary groups.
In the first experiment, the liquid-diet rats lost weight for the first 8-10 days after transition from their previous standard diet. Thereafter weekly weight was the same for both dietary groups. In the second experiment there was comparable weekly weight gain in both the liquid-diet and standard-diet animals. Both diets were therefore presumed to be isocaloric.
Tumour analysis
A detailed tumour analysis of the first group of experiments has already been published (Castleden, 1977) . Fig. 2 shows the site of tumour development in the animals receiving 10 mg/kg/wk DMH and Fig. 3 the standard-diet animals, which died early (x2 14-76, P<0001 : see Table IV ).
Blood tests
Blood was obtained from 29 standarddiet and 36 liquid-diet rats. The results are shown in Fig. 4 , where the median percentage deviation from control values is shown for 5 different liver function tests. The greatest deviations were observed il the standard-diet rats receiving 20 mg/kg/ wk DMH. Standard univariate and multivariate analyses were performed on the complete blood data. The deviations observed in the all-liquid diet rats receiving 20 mg/kg/wk DMH, and in both dietary groups receiving 10 mg/kg/wk DMH were significantly lower, indicating much less liver damage.
Liver histology
The results of histological examination and scoring are shown in Table V .
In general, because of the clear-cut differences in the degree of liver-cell vacuolation and/or inflammation, it was immediately obvious which liver sections had come from 20 mg/kg/wk DMHtreated rats (Figs. 6 & 7) and which had come from control rats (Fig. 5 ). These differences were compared utsing Student's t test: t38-9 32, P<0 001 for control rats v's liquid-diet, 20 mg/kg/wk DMH-treated rats; and t50 12-24, P<0-001 for control rats vs standard diet 20 mg/kg/wk DMHtreated rats. Furthermore, there was no difficulty in determining which of the 20mg/kg/wk animals had been taking the all-liquid diet (Fig. 6 ) and which had been taking the standard diet (Fig. 7 ). There were obvious differences in the amount of cell necrosis and degree of inflammatory cell infiltrate (t60-7 93, P<0 001), both of which were greater in the latter. A more detailed account of these histological changes is being underaken.
DISCUSSION
The first experiment showed that alteration in the diet affected survival as well as gastrointestinal tumour production when Wistar rats were treated with 20 mg/kg/ wk DMH. An all-liquid elemental diet (Vivonex) enabled rats to survive 20 weeks of injections with 20 mg/kg/wk DMH, which they failed to do on a standard laboratory pelleted diet. The second experiment confirmed these observations. All the rats, on either diet, survived repeated injections of 10 mg/kg/wk DMH. H owever, with this regime the predominant site of tumour development was different from that of rats treated with 20 mg/kg/wk DMH, which were significantly more likely to develop small-bowel tumours. This pattern of tumour distribution has been proposed as likely by Wiebecke et al. (1973) using DMH, and by Ward et al. (1973) using two different doses of AOM, but these workers had based their predictions on very small numbers of animals.
In both of our experiments there was a change of tumour distribution, with a significant reduction in the number of smallbowel trumours, in 20mg/kg/wk rats on the all-liquid diet. The apparent increase in large-bowel tumours in rats on the allliquid diet may simply reflect their longer survival and their higher total dose of DMH (see Table IV ). Blood tests demonstrated a high degree of liver protection by the all-liquid diet when rats were treated with 20 mg/kg/wk DMH, and also confirmed that standard-diet rats treated with 10 mg/kg/wk DMH suffered only small alterations in liver function.
There was histological evidence of severe hepatic toxicity in the standarddiet rats treated with 20 mg/kg/wk DMH, whereas feeding the all-liquid diet produced much less severe liver damage, both biochemically and morphologically.
Ten mg/kg/wk DMH is a carcinogenic dose for the strain of male Wistar rats we have used, inducing predominantly largebowel tumours (Table II) and only slight liver damage. Twenty mg/kg/wk DMH is an excessive dose for these same animals when used as a model for colonic-cancer studies, since this dose increased the induction of small bowel tumours. The shift in tumour-site specificity with increased (lose is an interesting phenomenon, and may provide a basis for a better understanding of the mechanism of action of this carcinogen. Equally important is the fact that a different diet, the Vivonex allliquid diet, has the effect of negating the toxicity, liver damage and alteration in tumour site normally produced by the higher dose of DMH1. The reason for this is not clear.
It is well established that many chemical carcinogens are metabolized to more proximate carcinogens in the liver (Heidelberger, 1977) and there is evidence that DMH is metabolized in the same manner (Shank & Magee, 1967; . The evidence presented here indicates that higher doses of DMH cause liver damage sufficient to impair normal hepatic function. Thus the rat-liver metabolism of DMH may be changed during the course of an experiment in which DMH is administered by weekly injections. Such changes eouild affect both the quantitative and qualitative distribution of metabolites, causing the altered profile of tumour distribution which we have observed in these experiments.
One possibility which we are further investigating is increasing biliary excretion of DMH and/or one or more of its carcinogenic metabolites as the liver becomes increasingly damaged. Isotope experiments Fiala, 1975) have shown that only small quantities (<1%) of an injected dose of 14C-labelled DMH appear in the bile of rats with biliary fistulae. These experiments were of short duration and appeared to involve rats which had not previously been subjected to weekly injections of DMH. To our knowledge, no information is available on the biliary excretion of DMH and its metabolites in the later stages of tumour induction by weekly DMH injections. Furthermore, the importance of biliary excretion, whatever proportion of an injected dose this represents, remains to be established. This is of particular interest since, if any enterohepatic circulation of DMH and/or its metabolites were demonstrated, the results of many apparently conflicting animal metabolic, dietary and operative experiments could be explained.
The results of our experiments suggest that the liquid Vivonex diet in some way protects the rat liver from the toxic effects of the higher DMH dose. The mechanism of this protection may have important implications for further investigation of colonic carcinogenesis, and warrants further study.
There is increasing support for the concept that carcinoma of the colon in humans is probably caused, in part, by one or more environmental carcinogens (Vitale, 1975; Pratt et al., 1977; Hill et al., 1978) . Possible pathways by which food products might be converted to DMH or its metabolites in humans have even been postulated (Fiala, 1977) .
It is unwise to extrapolate from animal experiments to humans. Nevertheless, if chemical carcinogens are eventually proved to be implicated in human colonic-cancer production, the enterohepatic circulation of such carcinogens could explain the differences in dietary (Burkitt, 1973; Wynder, 1975) and metabolic (Hill, 1975) epidemiology in humans.
APPENDIX
Confirmation of the protective effect of Vivonex all-liquid diet in the rat DMH model has recently been presented to the British Society of Gastroenterology September 1978 meeting (Cruse et al., 1978 
